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Aims	 Heart	 failure	 is	 often	 accompanied	 by	 abnormal	 propagation	 of	 electrical	 signals.	
Electrophysiological	 simulations	 have	 become	 a	 key	 tool	 to	 investigate	 causes	 and	 possible	
treatments	of	heart	failure.	In	order	to	describe	the	physiology	of	the	heart	as	realistic	as	possible,	
electrophysiological	models	 can	be	enriched	by	means	of	a	mechanical	model,	 thus	 taking	 the	
deformation	occurring	during	of	cardiac	activity	 into	account.	 In	our	work,	we	use	an	electro-





electrophysiology	 with	 the	 Bueno-Orovio	 ionic	 model.	 For	 the	 mechanics,	 we	 employ	 a	 fully	
incompressible	Guccione-Costa	hyperelastic	law	and	the	Panfilov	model	for	the	active	force.	We	
compare	 the	 purely	 electrophysiological	 approach	 with	 mono-	 and	 bi-directional	
electromechanical	coupling	strategy.	
	
Results	 Each	 scenario	 leads	 to	 a	 specific	 activation	 pattern	 and	mechanical	 deformation	 and,	
consequently,	pseudo-ECGs.	T-wave	amplitude	changes	are	observed	in	all	the	experiments.	QRS	
complex	 is	 also	 affected	under	 specific	 circumstances	mostly	 related	 to	 the	dimensions	of	 the	
tissue	slab,	the	fibre	orientation	and	the	electrode	position.	Surprisingly,	purely	electrophysiology	



























This	 study	 shows	 that	 ECG	 is	 non-trivially	 affected	 by	 the	mechanical	 deformation.	 A	 purely	













2. Comparison	of	 three	different	cardiac	electrophysiology	model	with	 increasing	 level	of	
complexity	in	handling	geometrical	changes	due	to	mechanics.	
3. Sequential	 computation	 of	 activation	 and	 then	 deformation	 of	 the	 tissue	 showed	 non-
physiological	artefacts	in	the	pseudo-ECG	with	respect	to	a	fully	coupled	approach.	














simulated	 in	 a	 few	 minutes	 on	 high	 performance	 computing	 (HPC)	 architectures	 with	
anatomically	detailed	cardiac	electrophysiology	models	[1].	This	is	possible	once	a	fixed	geometry	


















In	 [5],	 a	model	 for	 a	 fully	 coupled	 electro-mechanical	 system	 has	 been	 presented.	 There,	 the	









three	 different	 scenarios:	 purely	 electrophysiological,	 mono-directional	 electro-mechanical	
coupling	and	bi-directional	coupling.	The	first	scenario	does	not	include	any	mechanical	effects	
and	it	is	our	reference	solution.	The	second	and	third	scenarios	both	include	the	deformation.	In	
the	 second	 one	 the	 electrophysiological	 problem	 does	 not	 account	 for	 any	 change	 in	 the	
parameters	 due	 to	 the	 deformation,	 similarly	 to	 the	 “static-dynamic”	 approach.	 This	 second	




















The	 bi-domain	 equation	 describes	 the	 evolution	 of	 intra-	 and	 extra-cellular	 potential	 in	 the	
cardiac	tissue.	It	can	be	formally	derived	from	a	macroscopic	conservation	of	charges	and	suitable	















The	 mono-domain	 system	 is	 coupled	 with	 the	 incompressible,	 anisotropic,	 hyperelastic	
mechanical	model	presented	and	validated	 in	[14].	 It	 is	worth	to	remark	that,	differently	 from	
several	 other	models	 from	 the	 literature	 [12,15,3],	we	 assumed	 the	 cardiac	 tissue	 to	 be	 fully	
incompressible.	 This	 assumption	 is	 commonly	 accepted	 for	 biological	 tissues,	 since	 the	main	
constituent	is	water,	which	is	an	incompressible	fluid.	This	constraint	is	enforced	exactly	and	not	
by	penalization,	hence	at	each	time-step	a	non-linear	saddle-point	system	has	to	be	solved.	This	
poses	 significant	 difficulties	 from	 a	 computational	 standpoint.	 Material	 is	 supposed	 to	 be	
orthotropic	 both	 in	 the	mechanical	 and	 in	 the	 electrophysiological	 part.	 The	 passive	 stress	 is	
described	 by	 the	 Guccione-Costa	 strain-energy	 density	 function	 [16].	 Since	 the	 material	 is	
assumed	 to	be	 fully	 incompressible,	 a	 splitting	between	 the	deviatoric	 (shear)	and	volumetric	
deformation	is	introduced	into	the	model	[17].	
	
In	 order	 to	 couple	 the	 mechanical	 system	 with	 the	 mono-domain	 equation	 an	 active	 stress	
approach	has	been	employed	[12],	[14]	and	[15].	The	active	force	is	exerted	only	along	the	fiber	
direction.	The	temporal	evolution	of	the	force	generated	by	myocytes	is	described	by	the	model	








locations,	 this	 computation	may	be	 reduced	 to	 the	 evaluation	of	 the	dot	product	between	 the	













































The	 test	 case	 (B)	 is	 the	 electro-mechanical	 enrichment	 of	 the	 purely	 electrophysiological	 test	







i.e.	 the	 endo-cardial	 one.	 For	 what	 concerns	 the	 active	 force	model	 [15],	 the	 time	 relaxation	






We	consider	six	unipolar	electrodes	𝑬𝒊,±	in	total,	two	for	each	Cartesian	axis	𝑖 = {𝑥, 𝑦, 𝑧}.	They	are	
arranged	symmetrically	with	respect	to	the	centre	of	the	domain	and	are	10	cm	apart	from	the	
boundary	faces.	In	addition,	the	unipolar	signals	from	electrodes	aligned	in	the	same	direction	are 
combined into a single bipolar ECG, with the electrode in the positive direction being the cathode and 
the opposite one being the anode, defining 𝑬𝒊, = 𝑬𝒊,0	 − 𝑬𝒊,!. 
	
	

















time-step,	 we	 first	 transfer	 the	 deformation	 from	 the	 coarse	 mechanical	 mesh	 to	 the	 fine	







the	 resulting	 currents	are	used	as	a	 source	 term	 for	 the	diffusion	problem.	For	 this	 latter,	we	








Validation and choice of discretization parameters 
	
The	 presented	 mechanical	 model	 has	 been	 validated	 in	 [14],	 where	 a	 comparison	 between	






First,	 the	convergence	with	respect	 to	 the	spatial	mesh-size	has	been	studied	employing	three	










Secondly,	 the	convergence	with	 respect	 to	 the	 temporal	 step-size	has	been	studied	employing	
three	different	 temporal	 grids,	of	 lengths	 	𝑡2 	=0.05	ms,	𝑡# 	=0.025	ms,	 and	𝑡2 = 0.0125	ms.	The	
coarsest	step-size	has	been	chosen	in	order	have	a	stable	behavior	in	the	numerical	integration	of	
the	gating	variables.	The	employed	spatial	grid	 is	𝑬𝒇.	The	obtained	results	are	 reported	 in	 the	
bottom	 row	 of	 Fig.	 2.	 We	 observe	 a	 convergence	 of	 the	 pseudo-ECGs	 under	 temporal	 mesh	



















1. Pure	 electrophysiology	 (green	 line):	 this	 is	 the	 standard	 setting	 usually	 employed	 in	





employed	 to	 compute	 the	 active	 force	 and	 the	 current	 configuration.	 This	 deformed	
configuration	is	finally	employed	to	compute	pseudo-ECGs.	From	the	complete	model,	this	
scenario	 can	 be	 obtained	 by	 neglecting	 the	 change	 of	 conductivity	 only	 in	 the	
electrophysiology	solver.	
	
3. Bi-directional	 coupling	 (blue	 line):	 the	mono-domain	 system	 is	 solved	 on	 a	 deformed	
configuration.	 As	 for	 the	 previous	 case,	 pseudo-ECGs	 are	 computed	 on	 the	 current	
configuration.	 	We	 consider	 variations	 of	 the	 conductivity	 and	 fiber	 directions	 due	 to	
geometrical	deformations.	
	


























along	 the	 contraction	direction.	 	As	 expected,	 along	y-	 and	z-axis	 signals	 are	 the	 same	and	no	
significant	differences	are	visible	between	the	three	scenarios.	Hence,	the	pure-electrophysiology	



























with	 fibers	 aligned	 along	 the	 medium	 axis	 (y)	 direction.	 As	 reported	 in	 Fig.	 4.	 the	 tissue	
preparation	 contracted	 along	 y-axis,	 so	 that	 the	 tissue	 approached	 the	 electrodes	 in	 the	 x	
direction.	
This	set-up	confirmed	the	results	of	case	A.	Differences	in	the	propagation	of	the	activation	front	




















In	 most	 of	 works	 in	 the	 literature,	 ECGs	 are	 usually	 computed	 as	 static	 processes,	 without	
considering	the	mechanical	deformation	due	to	the	beating	heart	and	breathing.	The	presented	




















system.	 Moreover,	 the	 computational	 burden	 was	 significantly	 reduced	 by	 assuming	 mono-
directional	coupling.		
	
Notching and impact on local conduction velocity 
The	use	of	the	mono-directional	coupling	resulted	in	some	cases	in	ECG	signals	characterized	by	
a	notch	that	was	not	visible	in	the	pure	electrical	simulations.	This	happened	since	the	“static-













































































The	model	 adopted	 in	 this	paper	 comes	with	 significant	 simplifications.	The	mechano-electric	
coupling	 (MEC)	 in	 the	heart	 is	 a	very	active	area	of	 research,	 and	 several	mechanisms	 should	





























for	 geometrical	mechano-electric	 effects	 and	 the	 electro-mechanical	 coupling	 by	means	 of	 an	















inconsistency	 between	 the	 undeformed	 conductivity	 tensor	 and	 the	 deformed	 geometry	
employed	for	the	computation	of	the	ECGs.	
We	 also	 point	 out	 large	 differences	 in	 the	 QRS-complex,	 introduced	 by	 the	 mono-directional	
coupling.	These	may	suggest	a	possible	mechanism	for	the	notching	observed	in	LBBB	patients.	
Further	investigations	are	necessary,	 in	order	to	understand	the	role	of	fibers	distribution,	e.g.	
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size	𝒕𝒇.	Bottom	row:	convergence	of	 the	unipolar	pseudo-ECGs	under	 temporal	 step-size	refinement,	employing	 the	
mesh	𝑬𝒇. 







































Mono - coupled 6.5 ms 12.5 ms 24.0 ms 32.0 ms 














Mono - coupled 8.0 ms 18.5 ms 29.5 ms 39.0 ms 




Mono - coupled 16.0 ms 36.0 ms 56.0 ms 74. 5 ms 
Fully -coupled 16.0 ms 36.0 ms 55.5 ms 72.5 ms 
 
Table 1. Comparison of the activation times for the different test cases and for the different approaches. 
Pure electrophysiology and mono-directional coupling are characterized by the same activation times 
because of their mathematical model. In column we report the x-coordinate of the chosen point on the 
selected diagonal. 
	
